We present precise measurements of the optical Feshbach resonances (OFRs) of 174 Yb atoms for the intercombination transition. We measure the photoassociation (PA) spectra of a pure 174 Yb Bose-Einstein condensate, and determine the dependence of OFRs to PA laser intensities and frequencies for four least bound vibrational levels near the intercombination transition. We confirm that our measurements are consistent with the temporal decay of a BEC subjected to a PA beam in the vicinity of the fourth vibrational level from the dissociation limit.
I. INTRODUCTION
A Feshbach resonance (FR) arises when a bound molecular state energetically reaches a scattering state in the open channel. It provides a versatile method for tuning an interatomic interaction strength by controlling the energy difference between the two states via a magnetic field or a photon [1] . The magnetic and optical tuning of FRs are called magnetic Feshbach resonance (MFR) [1] and optical Feshbach resonance (OFR) [2] [3] [4] , respectively. MFRs are widely used in experiments of the dilute quantum gases with alkali atoms [1] . Even though the utility of OFRs with alkali atoms is limited compared with that of MFRs, OFRs also experimentally tune the interatomic interaction strengths with various atomic species [5] [6] [7] [8] . To date, OFRs have been used for generation of bound molecules in the excited state, the study of asymptotic physics, and the control of forbidden molecular states [9, 10] . Applications of OFRs also include tools for eliminating double occupancies in optical lattices [11] [12] [13] .
OFRs have several advantages compared to their more established counterpart, MFRs. First, OFRs are available for all atomic species, including combinations of different atomic species [6] . Furthermore, OFRs can be manipulated in a much faster time scale than MFRs controlled by magnetic fields [14] . Finally, scattering lengths can be spatially modulated with high spatial frequency within a small atomic cloud [15] .
Ytterbium (Yb) and Strontium (Sr) atoms are special candidates for OFRs because they have the intercombination transitions whose linewidths are sub-MHz, substantially narrower than those of alkali atoms. It has been suggested that OFRs with narrow-linewidth transitions can increase scattering lengths with relatively low atom loss [16] . Hence, bound molecules in the excited state have been generated with Yb and Sr atoms, which have optically accessible narrow-linewidth transitions [17] [18] [19] . Recently, atom-molecule conversion using an ultra narrow transition 1 S 0 − 3 P 2 of 171 Yb atoms was * jcmun@kriss.re.kr also reported [20] . Furthermore, the manipulations of the interatomic interaction have been conducted [7, 8, 14, 15, [21] [22] [23] . The OFRs of 88 Sr atoms with the intercombination transition has been well characterized with photoassociation (PA) spectroscopy of thermal gas experimentally and theoretically [8, 14, 18] . While the interatomic potential in the excited state and its molecular bound states of 174 Yb 2 are well studied to date [21, 24, 25] , quantitative measurements depending on PA intensities and frequencies regarding the OFRs of 174 Yb atoms are still required, including comparisons with theoretical calculations.
In this paper, we measure the OFRs of 174 Yb atoms in a pure BEC using the intercombination transition. The parameters characterizing these OFRs are studied with respect to PA laser intensities and frequencies. Theoretical calculations using reflective approximation [2, 26, 27] are also performed and are well matched with the experimental results. The intensity dependence of the OFRs of 174 Yb atoms are reported for the first time, to our knowledge. The measurements are performed with PA spectroscopy of a pure 174 Yb BEC. The high atom number density of a BEC provides orders of magnitude advantages in terms of the PA measurement signal-to-noise ratio compared to that of thermal atoms [4] . Also, the low temperatures of a BEC suppress the thermal broadening effect preventing asymmetric redshifts in the PA spectrum [8, 18] . As a result, by using a BEC as a platform to study OFRs, we are able to clearly observe its dependance on the PA beam intensity and frequency. In addition to spectral measurements, we obtain temporal decay of a pure BEC with PA processes to confirm our measurements. These measurements are done in the vicinity of the fourth vibrational level from the dissociation limit where effects from the single atom transition are negligible. The results acquired from the PA spectroscopy and the temporal measurements are coincident.
This paper is organized as follows. Section II describes the experimental setup and the procedures for measuring the OFRs in a pure BEC of 174 Yb atoms near the intercombination transition. Section III outlines how we describe OFRs observed in experimentally measured PA spectra via isolated resonance model. Finally, section IV provides a summary and an outlook for potential applications of OFRs.
II. EXPERIMENT
The experiment starts with a thermal beam of Yb atoms being decelerated by a Zeeman slower using the strong singlet transition ( 1 S 0 − 1 P 1 , 398.9 nm). The ytterbium atoms exiting the Zeeman slower are captured with the core-shell MOT scheme [28] . The atoms trapped in the MOT are compressed and loaded into a 532 nm crossed optical dipole trap (ODT) that consists of two ODT arms, main and auxiliary. Figure 1 .(a) shows the crossed ODT configuration with respect to the PA laser beam. The main and the auxiliary ODTs overlap orthogonally in the xy plane at the center of the compressed MOT. 9 W of laser power with 532 nm wavelength is focused to construct the main ODT beam with a beam waist of 17 µm. The auxiliary ODT is made with a focused 30 µm beam waist having 1 W of optical power. A BEC of 174 Yb atoms is prepared in the crossed ODT after 4-second evaporation cooling. Subsequently, the auxiliary ODT power is increased by 15 % to tighten the BEC. The atom number of a typical BEC is N ≈ 7 × 10 4 and its condensate fraction is more than 90%. The trapping frequencies of the crossed ODT are (ω x , ω y , ω z ) = 2π × (130, 184, 225) Hz during the PA process.
The interatomic molecular potential is depicted in Fig.  1 (b), whose asymptote is the intercombination transition in the dissociation limit. A PA laser beam with wavelength 555.8 nm and 600 µm beam diameter was applied to a BEC with a Thomas-Fermi radius of R TF = 3.7 µm. The PA laser is linearly polarized along the z-direction with less than 5 kHz laser linewidth. The frequency and beam intensity of the PA laser was controlled by a double-pass acousto-optic modulator. The beam intensity was proportional-integral-derivative (PID) stabilized before entering the vacuum chamber. The PA beam was applied to the condensate with low intensities, less than a saturation intensity of the intercombination transition (0.14 mW/cm 2 ), to reduce power broadening. The application durations (4 ∼ 20 ms) of the PA beam were chosen such that the depletion of the condensate at the vibrational resonance of interest was well resolved but not saturated. Subsequently, both the PA laser beam and the crossed ODT were turned off simultaneously. After 18 ms of free expansion, measurements were taken via absorption imaging using a 398.9 nm laser resonant with the ground to singlet state (
. The atom loss in the trap due to background gas (lifetime > 10 seconds) was negligible for the time scales of our experiments, < 20 ms. Therefore, we were able to ignore the one-body loss contribution of the background gas in a BEC.
III. OPTICAL FESHBACH RESONANCE
A. Isolated resonance model
The isolation resonance model has been used to calculate various properties of the OFRs [3, 29] showing good agreement with previous experimental results [7, 8, 14, 15, [17] [18] [19] [21] [22] [23] . The model assumes that the molecular linewidths of the vibrational levels are negligibly small compared to the frequency spacings of the molecular resonances. Then, the OFRs can be described with the optical length and the enhanced linewidth of the vibrational level in the vicinity of a molecular resonance. The optical length represents the optical coupling strength between the scattering state in the entrance channel and a vibrational level in the closed channel. The optical length is defined as
where | ν|ǫ | 2 is the Franck-Condon factor corresponding to the vibrational level |ν in the closed channel and the energy normalized scattering state |ǫ in the entrance channel. f rot = 1/3 is the rotational factor, λ = 555.8 nm is the wavelength of the intercombination transition
is a wavenumer for a BEC, and I is the PA laser intensity. In the ultracold regime, | ν|ǫ | 2 is proportional to the wavenumber by the threshold law for s-wave collisions. Therefore, the optical length per intensity, l opt /I, can be treated as a constant for a given OFR [4, 8, 14] . The enhanced linewidth is the broadened molecular linewidth induced by an artificial channel that accounts for the spontaneous emission or other trap loss processes [30] .
Experimentally, l opt and the enhanced linewidth of the vibrational level can be acquired using PA spectroscopy [4, 31] . According to the isolated resonance model, the optically-induced scattering length (a opt ) and the twobody loss rate (K 2 ) are given as
where ηΓ mol is the enhanced linewidth expressed via the molecular linewidth, Γ mol = 2π × 364 kHz and the enhanced factor η > 1. Γ stim = 2kl opt Γ mol is the stimulated linewidth induced by the PA beam intensity . ∆ is the PA laser detuning with respect to the vibrational resonance, µ = m/2 is the reduced mass for the atomic mass m of 174 Yb. The linewidth enhancement of vibraiotnal levels, characterized by η [2, 14] , has been observed in previous experiments [6, 8, 18, 23] . Γ stim acts as an additional source of power broadening of the molecular linewidth due to the applied PA laser. In the low intensity regime of the PA laser, Γ stim can be ignored [14, 15] . The PA process leads to a two-body loss mechanism when applied to a BEC. Two colliding atoms absorb a photon resonant at the vibrational level and forms a molecule in the excited state. The molecule decays due to spontaneous emission, which results in atom loss in the BEC which is measured after free expansion. The twobody loss of a BEC can be described by the following rate equation [32] .
where C 2 = 15 2/5 /14π mω/ h √ a bg 6/5 withω = (ω x ω y ω z ) 1/3 .h is the reduced Planck constant, and a bg = 105 a 0 is the background scattering length of 174 Yb with Bohr radius a 0 . The atom loss near the atomic resonance due to PA laser intensity is phenomenologically found to be K res = K 0 (Γ mol /δ) 2 /4, where K 0 is the decay constant at the atomic resonance, and δ is 2π times the detuning from the atomic resonance [23] . Combining the analytic solution of Eq. (4) with the two-body loss rate in Eq. (3) and the loss near the atomic resonance, the atom loss spectrum is given as the following.
N 0 is the initial atom number of the BEC, and t PA is the PA beam application time.
B. Photoassociation
With various PA beam intensities, we characterize l opt and η associated with the four least-bound vibrational levels near the intercombination transition. The PA application time, t PA , was chosen such that about half of the initial number of atoms was lost from the trap at a given molecular resonance. The PA spectra were taken by scanning the frequency of the PA laser. Figure 2 (a)-(c) shows the PA spectra of four leastbound vibrational levels. The negative indices of the vibrational levels are labeled from the dissociation limit. Each spectrum is an average of four independent scans. The red solid lines of Fig. 2 (a)-(c) are acquired by fitting each PA spectrum with Eq. (5). We do not include the background loss due to the atomic resonance, K res , when we analyze the PA spectra of ν = −3 and ν = −4 where it is negligible. The symmetric line shape of each molecular resonance shows that the thermal broadening observed in other thermal gas experiments is absent in this work [4, 8, 18, 25] . l opt , η and the resonance frequencies of the vibrational levels are measured with the PA spectra for a range of PA beam intensities. Γ stim of each vibrational level is less than 20 Hz, which satisfies the condition for the low intensity regime. hence, we ignore Γ stim in Eq. (3) for our analysis. Figure 3 shows the measured l opt (a), (c) and η (b), (d) of each vibrational level for various intensities. The vertical and horizontal error bars in Fig. 3 represent the 1-sigma bounds for the statistical fit errors and intensity uncertainties, respectively. The solid lines shown in Fig.  3 (a) and (c) are the linear fits of l opt with respect to the PA beam intensity. The dashed lines in Fig. 3 (b) and (d) shows the average values of η for the range of applied PA beam intensities. The data clearly show that l opt /I, shown as the slope values in Fig. 3 (a) and (c), can be treated as a constant in the ultracold regime [2] . The data shows that η is independent of the PA laser intensity, which was not shown in previous experiments [8, 23] . Thus, we treat this broadening as a local parameter of the vibrational level. Within the range of our experimental parameters, we did not observe noticeable deviation from the linear dependence of l opt due to the stark effect induced by the PA laser beam, which has been reported previously [33] . We estimate that the frequency shifts of the four vibrational levels due to the PA laser intensity are less than 10 Hz in our experiment.
The experimental results and theoretical calculations of the OFR parameters are summarized in Table I . The- oretical values of l opt /I are calculated using the reflective approximation [2, 26, 27] with the intermolecular potentials in Ref. [25] . The theoretical calculations of l opt /I are well matched with the experimental results.
To confirm the experimentally obtained parameters in Table I , we measured the two-body loss rate by monitoring the temporal decay of a BEC after applying a PA beam near the resonance at ν = −4. Figure 4 (a) shows the typical temporal decay of a BEC with (red) and without (blue) a PA beam resonant at ν = −4. The PA beam intensity was 21 µW/cm 2 . The data was taken via independent experiments with varying t PA . Each point is an average of four measurements. The red and blue solid lines represent the corresponding fit results of the temporal decay according to Eq. (4). We measured the two-body loss rate, K 2 , with respect to various PA laser frequencies near ν = −4. Data points in Fig. 4 (b) represent an average of four measurements of the twobody loss rate. The error bars depict 1-sigma statistical errors. The orange solid line in Fig. 4 (b) is the fit result of two-body loss rate using Eq. (3). We acquired l opt /I = 3.03(9) and η = 1.39(7) from the two-body loss fit in Fig. 4 (b) , where the parentheses for two values are the fit errors. l opt /I and η are measured to be slightly greater than the values in Table I by less than 10%. The discrepancies of the two-body loss fit results in Fig. 4 (b) come from the fluctuation of the measured two-body loss. This result shows that OFRs measurements using PA spectroscopy give comparable results to time dependent measurements of the two-body loss rate.
IV. SUMMARY AND CONCLUSION
In conclusion, we have measured the optical Feshbach resonances of 174 Yb atoms in a pure BEC via PA spectroscopy with the intercombination transition. It is shown that the optical length has linear dependance on the PA beam intensity and the enhanced factors are independent of the intensity within the parameter range of our experiments. These results enable us to better understand the molecular potentials and wavefunctions of the bound molecular states of 174 Yb 2 . OFRs of two-electron atoms, such as Yb and Sr, can extend the bounds of many experiments due to their unsusceptibility to external magnetic fields. These types of systems have the potential to overcome the drawbacks associated with magnetic Feshbach resonances which have interaction strengths that are difficult to control due to stray magnetic fields. Above all, The measured parameters of OFRs in this experiment allow us to calculate the optically-induced scattering lengths and two-body loss rates that were not previously available.
